The recently discovered dynamical diffraction effect "neutron camel" was used for the residual stress measurements in a thick Si (111) 
INTRODUCTION
In the past two decades optical devices, consisting of thin reflecting layers deposited on silicon or silicon dioxide substrates, have found wide application in light, Xray and neutron diffraction. A significant surface-induced residual stress, which usually remains in the films as well as in the substrates after deposition, creates a serious limitation of quality of these devises. The residual stress in crystalline films can be 2 detected directly by the conventional X-ray diffraction technique [1] . There exists another laser-based in situ technique, Surface-Stress-Induced Optical Deflection (SSIOD), which is able to detect small deformation strain in substrates during the coating process [2] . The Back-Face Neutron Diffraction (BFND) from a perfect Si crystal, as it was shown in [3, 4] , is extremely sensitive to the ultra-small deformation strain. This technique is capable of detecting residual stress in single crystals even when the relative deformation of the crystallographic cells is as small as ~ 8·10 -7 , which corresponds to the radius of bending of ~ 40 km. The radius of bending can be converted to the value of deformation of crystallographic cells in the film in a manner similar to the SSIOD technique [2] , however in contrary BFND works for final products. In the present work we describe the first successful attempt to apply the BFND technique for detecting ultra-small residual stress in a thick Si crystal coated with a thin Ni film.
INSTRUMENTS AND SAMPLES
The experiments were carried out using the Double-Crystal Diffractometer at Oak Ridge National Laboratory [5] in the geometry similar to that described in [3] (see 
THEORETICAL BACKGROUND
It is known that in the near vicinity of the exact Bragg angle neutron waves propagate inside the thick perfect crystal in the direction parallel to the diffractive surfaces by sequential reflection from the front and back faces (BF-FF-BF-mode). When the crystal is lightly deformed, the neutron trajectories inside the crystal become curved, which leads to appearance of the second, additional to the BF-FF-BF-, mode of propagation created by so-called garland reflections [7] only from the FF (see Fig. 2 ).
The primary monochromatic beam defined with a narrow cadmium slit partly reflects from the FF of the crystal at X = 0 and the other part penetrates inside and splits on the BF-FF-BF-mode (see the trajectories 0-4-5 and 0-6-7), and by the garland mode (the 4 trajectories 0-1, 0-2, and 0-3). The curved trajectories 0-4-5 and 0-6-7 become strait when the crystal is not deformed, thus the garland reflections are eliminated. Fig. 3 clearly shows that the first back-face reflection measured in our experiment (see the position 7 in Fig. 1 ) mostly contains the admixture of one-bounce garland reflection (see the peak 1 in Fig. 2) , which gives significant contribution to the corresponding BFRC. The BF, R BF (y), and garland, R G (y), reflectivity functions were derived from the Takagi-Taupin equations [8, 9] , which in the case of cylindrical deformation can be significantly simplified [3] . T 1 is the crystal thickness in µm, and τ ≈ 77 µm is the extinction length) obtained in analytical form using the geometrical optics approximation. Fig. 3 shows the total reflectivity functions, R(y) = R BF (y) + R G (y), integrated over the detector slit X 1 , X 2 ( Fig.   2 ). The discrete spectrum of R G (y) (see peaks 1, 2 and 3 in Fig. 3 ) appears only due to the chosen geometry of the experiment. The experimentally measurable BFRC (see positions 7 in Fig. 1 ) is the convolution of the Darwin reflectivity function of the triple-bounce monochromator, R 3 D (y), with the total reflectivity, R(y): 
RESULTS AND DISCUSSION
The experimental rocking curves as well as the appropriate theoretical simulations are given in Fig. 4 . The experimental BFRC obtained from the Si crystal without the Ni film (is not shown) is symmetric with respect to the exact Bragg angle, θ -θ B = 0, however the dramatic change in the BFRC has been observed for the same crystal after depositing the 2000 Å Ni film on one of the diffractive surfaces (see Fig. 4 ). The BFRCs 1 and 2 (Fig. 4) , measured for two orientations of the crystal (when the Ni coated surface is set up as the BF (1) and then as the FF (2) , fit quite well to the corresponding experimental rocking curves. However, the experimental BFRCs do not contain the tiny peaks and steps resulting from the convolution of the main central peak of the BF reflectivity function (see Fig. 3 ) with that for the triple-bounce monochromator. This difference can easily be explained by the fact that the minimal 6 angular step of the ORNL double-crystal diffractometer, ∆(θ-θ B ) = 0.25 arcsec, is too large to resolve these tiny peculiarities of the BFRC profile. However, the central peak, which corresponds to the strongest one-bounce garland reflection, contributes significantly to the intensity of the rocking curve and increases its asymmetry by ~ 35%.
The parameter b ≈ 4·10 -4 , determined from the best fits of the experimental BFRC, corresponds to the relative deformation of the Si crystallographic cells in the vicinity of diffractive surfaces, │∂u z /∂z│ ≈ 1.6·10 -6 , and a radius of bending,
km, where τ is the extinction length [3] . The Stoney formula [1, 2] converts the value of R b to the tension force, ƒ, applied to the film as a result of the substrate deformation: . Thus, the 2000 Ǻ Ni film under study is strongly strained (expanded along the X axis, Fig. 2 ). The described experiments clearly show that the BFND, which is extremely sensitive to the ultra-small deformation strain in the crystal, can be used for residual stress measurements in thin films deposited on the diffractive surface. The BFND works in principle similarly to the SSIOD in situ technique, detecting the deformation of the substrate, thus, it is capable to measure residual stress not only in crystalline, likewise the X-ray diffraction technique, but also in any amorphous, polymer, colloidal, mono-and multilayer thin films deposited on the diffractive surface of Si single crystals. The BFND, however, is not an in situ technique
